MicroRNAs (miRNAs) attenuate gene expression by means of translational inhibition and mRNA degradation. They are abundant, highly conserved, and predicted to regulate a large number of transcripts. Several hundred miRNA classes are known, and many are associated with cell proliferation and differentiation. Many exhibit tissue-specific expression, which aids in evaluating their functions, and it has been assumed that their high level of sequence conservation implies a high level of expression conservation. A limited amount of data supports this, although discrepancies do exist. By comparing the expression of Ϸ100 miRNAs in medaka and chicken with existing data for zebrafish and mouse, we conclude that the timing and location of miRNA expression is not strictly conserved. In some instances, differences in expression are associated with changes in miRNA copy number, genomic context, or both between species. Variation in miRNA expression is more pronounced the greater the differences in physiology, and it is enticing to speculate that changes in miRNA expression may play a role in shaping the physiological differences produced during animal development.
Results and Discussion
Comparison of miRNA Expression Between Medaka and Zebrafish. To compare conservation of miRNA expression, two fish species, medaka and zebrafish, were examined. Medaka (Oryzias latipes) is a small fresh water fish separated by Ϸ150-200 million years from zebrafish (18). This distance is substantial, considering that the separation between mouse and human is estimated to be 75 million years and between human and chimpanzee 6 million years (19, 20) . In general, medaka develops more slowly than zebrafish, although the timing for specific tissues varies (18, 21) . The majority of miRNAs begin to be expressed between 1-2 days postfertilization (dpf) in zebrafish. For many miRNAs, comparable expression is observed between stages 30 and 34 in medaka (3.5-5.5 dpf). However, based on miRNA expression, the brain, eyes, and body wall develop more quickly compared with the head, jaw, and sensory epithelia in medaka relative to zebrafish. Representative examples of this delay in miRNA expression for several tissues involved in sensation and feeding are shown in Fig. 1A . In each case, expression is delayed in the head and lateral line relative to comparable expression in other tissues. This result is found for five lateral line-specific miRNAs, which specifically stain the neuromasts or small sensory cells along the body (miR-96, miR-182, miR-183, miR-200a, and miR-200b). MiR-200b is shown in Fig. 1 A. Although pro-neuromasts are present much earlier in medaka, by stage 32 (4.5 dpf), the timing of observed miRNA expression within the lateral line coincides with the period of neuromast differentiation, stage 39 (10 dpf) (22) . Both miRNA expression and lateral line differentiation are observed much earlier in zebrafish, 2 dpf (11, 23), consistent with earlier hatching. Our observed differences in the timing of miRNA expression between medaka and zebrafish, therefore, fit well with the observed differences in the timing of lateral line maturation between these two species. Interestingly, neuromast location along the body of medaka and zebrafish is markedly different. Migration is coupled to differentiation for neuromast development (22) , and miRNA expression affects differentiation (24) . Thus, the delay in miRNA expression could be linked to the changes in location of neuromasts along the body of each fish. In zebrafish, simultaneous overexpression of three lateral linespecific miRNAs (miR-96, 200a, and 200b) impairs neuromast migration with partial penetrance adding support to the association of miRNA expression to neuromast location (Fig. 3 , which is published as supporting information on the PNAS web site).
This pattern of delayed expression is also observed for many miRNAs associated with the head skeleton and cartilage. In total, 9 miRNAs associated with the pharyngeal arches were probed (miR-23a, miR-27a, miR-27b, miR-140, miR-140*, miR-145, miR-146, miR-199a, miR-199a*, and miR-214). Seven exhibit delayed expression (miR-27a, miR-27b, miR-140, miR-140*, miR-199a and miR-199a*, and miR-214), whereas two exhibit weak to no expression in these structures (miR-145 and miR-146). MiR-140 is shown in Fig. 1 A. In medaka, pharyngeal arch formation begins at stage 34, but maturation is not complete until hatching, stage 39 (25) . This pattern of delayed expression is also observed in the head for three muscle-specific miRNAs (miR-1, miR-133a, and miR-206) relative to their expression in body wall muscle, mimicking the pattern observed for pharyngeal arch development. MiR-206 is shown in Fig. 1 A. Both the head and jaw are morphologically different between medaka and zebrafish, and changes in animal physiology are coupled to changes in the timing of differentiation (26) . Given that miRNA expression is associated with the regulation of differentiation, changes in miRNA expression could potentially influence the timing of differentiation in these tissues.
Several miRNAs exhibit clear spatial expression differences between medaka and zebrafish. The most dramatic differences result from changes in expression in the gut and head. MiR-454a and miR-145 are shown in Fig. 1B . For miR-145, strong expression is observed in the pharyngeal arches and gut in zebrafish (Fig. 1B , arrows) , whereas gut expression is visible in medaka (Fig. 1B, arrow) but expression in the pharyngeal arches is significantly weaker. MiR-454a is also a gut-specific miRNA in medaka (Fig. 1B, arrow) . In zebrafish, miR-454a exhibits brainspecific expression (Fig. 1B, arrow) . Such dramatic differences in miRNA expression could be due to changes in their genomic location or their copy number, as well as their promoter or enhancer sequences. For the complete list of differences in miRNA expression, see Tables 1 and 2 , which are published as supporting information on the PNAS web site.
The largest class of miRNA patterns analyzed, 42, is neuronal tissue-specific. A representative example of the variety of patterns in medaka brain relative to zebrafish is shown in Fig. 4A , which is published as supporting information on the PNAS web site. MiRNA expression in the brain changes during development, and the majority of the observed expression differences are due to differences in the timing of brain development (Fig.  4B ). One notable exception is miR-187, which exhibits brainspecific expression in medaka, but only background expression is observed in zebrafish. Representative examples are shown. MiR-454a is expressed in the gut (arrow) in medaka and in the dorsal midbrain (arrow) in zebrafish. MiR-145 is observed in zebrafish pharyngeal arches (arrow) and fins with weaker expression observed in the gut and gall bladder (arrow). In medaka, expression is most pronounced in the heart and gut (arrow), with weak expression observed late in the pharyngeal arches and head skeleton. MiR-205 is expressed in the epidermis in both medaka and zebrafish. Expression extends through the entire length of the lateral surface (bracket) in medaka (stage 34) but strong expression is limited to the epidermis surrounding the pharyngeal arches in zebrafish (bracket). During later developmental stages, strong expression in medaka is limited to the pharyngeal arches, mimicking observed expression in zebrafish (data not shown).
expression data were available for either medaka or zebrafish, and 11 expression patterns in mouse were compared with each. In general, when expression differences are observed, miRNA expression in chicken and mouse appear more similar to each other than either appears to either fish. This is also observed for medaka and zebrafish, where their expression appears more similar to each other when compared with mouse or chicken, suggesting that variation in miRNA expression is more pronounced the greater the differences in physiology. Comparisons of miRNA expression among chicken, mouse, and fish are highlighted for several. For the complete list of comparisons, see Tables 1 and 2 . In fish, in situ expression of the let-7 family is limited to neuronal tissues during embryonic development. In medaka, the expression of let-7 members can be grouped into two categories, predominately ventricular brain expression (let-7a, -b, -c, and -f) and ubiquitous brain expression leading to no expression late in development (let-7g and -i). This pattern contrasts observed expression in mouse and chicken embryos where members of the let-7 family exhibit expression in developing limbs (let-7a, -b, and -j) and the epiblast (let-7b) (36) . Let-7a is shown in Fig. 2A  (arrow) (14) . In mouse, another let-7 family member, let-7c, is implicated in limb development (14, 27) . It remains possible that members of the let-7 family are general regulators of tissue proliferation. Let-7a, -b, -c, and -f are found in the proliferating regions of the brain in medaka, and misexpression of members of this family is associated with a variety of cancers (28, 29) .
Several miRNAs are known to be actively expressed during tissue proliferation, and most are found within a genomic cluster up-regulated in cancer (4, 9) . Several (miR-17-3p, miR-15a, miR-17-5p, miR-18a, miR-19a, miR-19b, miR-20a, miR-20b, miR-92, miR-107, miR-125b, miR-130a, miR-130b, and miR-363) are ubiquitously expressed, excluding the heart, in chicken embryos (36) . Interestingly, many of these miRNAs are ubiquitously expressed early in both medaka and zebrafish, with expression for most becoming attenuated and generally restricted to proliferative tissues late in development (miR-17-5p, miR-19b, miR-20a, and miR-92). MiR-92 is shown in Fig. 4B ). Of note, miR-107 and miR-130a show clear spatial expression differences, exhibiting brain-specific expression in medaka and zebrafish and ubiquitous, no heart expression in chicken. MiR-107 is shown in Fig. 2 A. Additionally, miR-125b exhibits a higher level of tissue-specific expression in the brain, motor horns, gonads, pharyngeal arches (Fig. 2B, arrow) , and limb buds ( For let-7a, brain-specific expression is seen for both medaka and chicken (arrows). In chicken, additional expression is also observed in the developing limb buds (arrow). MiR-199a is expressed in the epithelia surrounding the pharyngeal arches in medaka (arrows), whereas expression is observed in head, limb, and body mesoderm in chicken (arrows). In chicken, miR-107 is expressed in all tissues, except the heart (arrow). In medaka, miR-107 expression is brain-specific (arrow). MiR-146 is specifically expressed in the gut late in medaka development (stage 40), exhibiting no expression in earlier stages (shown). In chicken, miR-146 is expressed in the epidermis early in development, leading to ubiquitous expression in later developmental stages. (B) Comparison of miRNA expression among mouse, chicken, medaka, and zebrafish. Representative examples of differences in expression are shown. MiR-1 is expressed in skeletal muscle in both medaka and zebrafish (arrows). Similar expression is observed in the progenitor to muscle, or somites, in both chicken and mouse (arrows) and is additionally expressed in the heart (arrows). MiR-125b is expressed in the brain and spinal cord in both medaka and zebrafish (arrows). It is ubiquitously expressed in chicken, with stronger expression in the pharyngeal arches and limb buds (arrows). In mouse, expression is observed at the midbrain-hindbrain boundary (arrow).
2B, arrow) in chicken embryos, whereas expression in mouse is limited further to the mid͞hindbrain boundary (Fig. 2B, arrow) . MiR-125b is a brain and spinal chord-specific miRNA in medaka and zebrafish (Fig. 2B, arrows) . Several muscle-specific miRNAs may serve as some of the clearest examples of the changes in tissue-specific miRNA expression among fish, chicken, and mouse. MiR-1, for example, is expressed in the skeletal muscle in developing medaka and zebrafish embryos (Fig. 2B, arrows) . In both mouse and chicken, miR-1 is expressed in the somites (Fig. 2B, arrows) , the progenitor to skeletal muscle, and is additionally expressed early in the developing heart (Fig. 2B, arrows) . This same pattern is also observed for miR-133a (data not shown). Interestingly, heart physiology is notably different between medaka and zebrafish when compared with chicken and mouse. Differences in miRNA expression may therefore reflect physiological differences in this tissue.
Together, these examples demonstrate that miRNA conservation does not necessarily imply expression conservation. For many miRNAs, expression differences are seen with absolute conservation of the miRNA sequence between species. For others, expression differences are marked by minor changes to the mature miRNA. Most often, these differences are due to the addition of one or two nucleotides to the end of the miRNA in one species compared with another. For miRNAs exhibiting similar expression patterns, minor changes to the miRNA sequence are also seen, suggesting that there is no strong correlation between minor changes in the miRNA sequence and expression differences. For the complete listing of any changes made to the miRNA probes, see Table 2 .
MiRNA copy number was compared across vertebrate genomes, and sequences were mapped to their respective locations (Table 3 and Data Set 1, which are published as supporting information on the PNAS web site). In this analysis, fish (zebrafish, medaka, fugu, and tetraodon) exhibit a higher copy number for several miRNAs, reflected in the sum of the miRNAs for each species. When expression conservation is compared with conservation in genomic location, examples are found for miRNAs exhibiting similar expression and comparable genomic locations (miR-10 and miR-196) as well as examples of conserved expression (miR-204 and miR-153) and expression differences (miR-125 and miR-34) with partial overlap in their genomic locations. In the case of miR-125, three copies are found in both zebrafish and mouse, but in different genomic contexts (exclusively intergenic vs. intronic and intergenic), whereas five copies are found in medaka, compared with only one in chicken. It should be noted that the sequence of the chicken miRNA precursor was not identified using our filters and was alternatively mapped by means of its miRBase annotation.
Numerous studies link miRNA expression to cell proliferation and differentiation. As such, differences in miRNA expression between animals likely reflect changes in growth and differentiation. Heterochrony, or a change in the timing of developmental growth, is known to alter the overall shape of developing tissues, leading to differences in physiology (26) . The vast majority of observed expression differences between medaka and zebrafish likely reflect changes in the timing of miRNA expression rather than changes in the type of tissue regulated by miRNAs. Medaka and zebrafish exhibit relatively subtle differences in physiology, which is in line with the high number of conserved miRNA expression patterns. The most striking physiological differences are seen in the overall pattern of the lateral line as well as the structure of the head and jaw. It is therefore notable that the most dramatic changes to the timing of miRNA expression involve changes in miRNAs associated with the head and sensory epithelia such as the lateral line.
Differences in miRNA expression between either fish species when compared with chicken or mouse are more pronounced, and, together, these data fit well with the expectation that miRNA expression may be linked to differences in animal physiology. Changes to gene regulation between species have been proposed to be a driving force behind evolutionary changes to body structure (30) , and transcriptional regulation has recently been implicated as one mechanism involved in evolution (31) . Here, we speculate that changes to miRNA expression may act in a similar manner. To conclude, many miRNAs exhibit a high degree of conservation between species, with greater variation in miRNA expression seen, the larger the differences in physiology. Differences between species most often result from heterochronic changes in the timing of miRNA expression and to a lesser extent from spatial expression differences. In some instances, such as lateral line-specific expression, heterochronic differences in miRNA expression track differences in the timing of differentiation. In the case of spatial expression differences, differences in some instances are associated with changes in miRNA copy number, genomic context, or both between species.
Materials and Methods
Animals and Reagents. Chicken embryo care, collection, and analysis were performed as described in ref. 36 . Both medaka and zebrafish were kept and cared for using standard laboratory conditions (32) . Medaka (wild-type and albino mutant) and zebrafish (albino mutant) embryos were used for in situ hybridizations. Collected embryos were staged according to refs. 21 and 33. Because miRNA expression is largely tissue-specific and animal development is heterochronic, comparison of miRNA expression between species was based on the stage of development for individual tissues (18, 21, 33, 34). The miRNA expression patterns were analyzed by using locked nucleic acid (LNA) probes as described (11) . LNA probes were digoxigenin (DIG) labeled by using 3Ј-end DIG labeling kits (Roche, Basel, Switzerland). DIG-labeled LNA probes were purified by using sephadex G-25 microspin columns (Amersham, Buckinghamshire, U.K.) before use.
Whole-Mount in Situ Hybridizations. Chicken and mouse in situs were performed as described in refs. 36 and 16, respectively. Medaka in situ hybridizations were performed as described in ref. 16 . Briefly, collected embryos were fixed overnight in 4% paraformaldehyde (PFA) and washed with PBST (PBS, 0.1% Tween 20) before dechorionation. Dechorionated embryos were transferred to methanol (MetOH) and stored at Ϫ20°C for one day or up to several months. All hybridizations were performed 20°C-25°C below the predicted melting temperature (T m ) of the LNA probe. Best results were observed at Ϸ25°C below this T m . Embryos were treated with proteinase K (10 g͞ml) at 37°C for 30 min (stage 34 and younger) or 60 min (older than stage 34). After proteinase K treatment, embryos were refixed in 4% PFA. Embryos were incubated in hybridization buffer for 1-3 h before the addition of the LNA probe (10 nM, final). Embryos were incubated with the LNA probe for 2-18 h. Embryos were incubated in blocking buffer (PBST, 2% sheep serum, 2 g͞ml BSA) for 1-3 h. Antibody hybridization was performed overnight at 4°C in blocking buffer containing 1:2,000 dilution of anti-DIG-AP FAB fragments (Roche). Embryos were transferred to APT (100 mM Tris⅐HCl, pH 9.5͞50 mM MgCl 2 ͞100 mM NaCl͞0.1% Tween 20) . NBT (nitro blue tetrazolium; Roche) and BCIP (5-bromo-4-chloro-3-indoyl phosphate; Roche) were added (3.5 l͞ml APT) to stain the embryos. Embryos were stained overnight at 4°C. Zeiss (Oberkochen, Germany) Axioplan and Leica (Wetzlar, Germany) MZFLIII microscopes mounted with digital cameras were used to photograph the embryos and sections. Adobe (San Jose, CA) Photo-shop software was used to globally adjust the brightness, contrast, color, and saturation of the images.
Microinjections. Annealed miRNA duplexes were injected into one-cell stage zebrafish embryos. One nanoliter of injection solution containing 10 M miRNA duplex(es) was injected per embryo. The lateral line was visualized by staining live (3-4 dpf) embryos by using a solution of 200 M 2-Di-4-Asp (D-3418; Sigma, St. Louis, MO) in system water for 3-5 min. Embryos were washed and anesthetized by using MS-222. Fluorescent staining was visualized by using the GFP settings on a fluorescence microscope (Zeiss Axioscope II).
MiRNA Mapping. MiRNA sequence identification was performed as described in ref. 35 and in Data Set 1.
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